Unresolved infection by gram-negative bacteria can result in the potentially lethal condition known as endotoxic shock, whereby uncontrolled inflammation can lead to multiple organ failure and death of the infected host. Previous results have demonstrated that animals deficient in class A scavenger receptor (SRA), a trafficking receptor for bacteria and bacterium-derived molecules, are more susceptible to endotoxic shock. This has been proposed to be a result of impaired SRA-dependent phagocytic clearance of bacteria resulting in stronger proinflammatory stimuli. In this report, we test the hypothesis that there is an obligate reciprocal relationship between SRA-mediated phagocytosis of bacteria and susceptibility to endotoxic shock. Here, we demonstrate that both SRA-dependent and -independent gram-negative bacterial strains elicit SRA-dependent increased cytokine production in vitro and in vivo and increased susceptibility to endotoxic shock in SRA-deficient mice. This is the first evidence showing that SRAmediated clearance of LPS is functionally distinct from the role of SRA in bacterial phagocytosis and is a formal demonstration that the SRA-dependent cytokine responses and the resultant endotoxic shock are not coupled to SRA-mediated clearance of bacteria.
Class A scavenger receptor (SRA) is a member of the scavenger receptor family that has a broad specificity for polyanionic ligands. In the context of innate immunity to bacterial pathogens, SRA binds a variety of bacterial cell wall components and functions as a phagocytic receptor for a variety of gram-negative and gram-positive bacteria, although the dependence for SRA-mediated phagocytic recognition varies widely for different species of bacteria and even varies among different strains of the same bacterial species (13, 14, 18, 19) . Additionally, SRA functions as an endocytic receptor for soluble bacterial cell wall ligands, including lipopolysaccharide (LPS) from gram-negative bacteria (6, 7, 14, 20) . The ability of SRA to bind LPS via recognition of the lipid A molecule is characterized to be important for in vivo clearance of LPS and results in an attenuation of the inflammatory response to endotoxin (4, 7, 8, 16, 18) . Thus, SRA functions as a trafficking receptor and facilitates both the endocytic clearance of bacterial ligands, like LPS, as well as phagocytic uptake of many bacteria (10, 14, 19) . However, in the context of infection by gramnegative bacteria, the role of SRA-mediated phagocytic uptake of bacteria in modulating LPS-driven inflammatory responses has previously never been tested directly.
SRA deficiency in mice causes two major impairments in the innate immune response. SRA knockout (SRA Ϫ/Ϫ ) mice are more susceptible to bacterial infections due to impaired phagocytosis of bacteria (10, 18, 19) . Additionally, SRA Ϫ/Ϫ mice exhibit increased susceptibility to endotoxic shock (8, 16) . These two observations have been proposed to be directly related, with the decreased phagocytic clearance of bacteria in the absence of SRA leading to exacerbated activation of TLR4 and resulting in hyperinflammation. Increased susceptibility to lethal endotoxic shock in SRA Ϫ/Ϫ mice can be recapitulated with purified LPS and is at least partially mediated by increased tumor necrosis factor alpha (TNF-␣) production in these animals since TNF-␣-neutralizing antibodies can abrogate this phenotype (8) . However, the specific relationship between the roles of SRA as a phagocytic receptor for bacteria and an endocytic receptor for LPS is poorly understood, nor is it known whether there is an obligate functional relationship between the role of SRA as a phagocytic receptor for bacteria and the consequential host inflammatory response.
In this work, we use two approaches to demonstrate that the role of SRA in limiting inflammatory responses to LPS is a discrete process from phagocytosis of infecting bacteria. First, we show that SRA ϩ/Ϫ cells, which are fully competent at phagocytic clearance of bacteria, display the same enhanced cytokine responses to gram-negative bacteria as those observed in SRA Ϫ/Ϫ cells. Second, using gram-negative bacteria that are not phagocytosed via SRA, we show that these "SRA-independent" bacteria still elicit increased inflammation in vitro and in vivo in SRA Ϫ/Ϫ cells and mice. Furthermore, SRA-independent bacteria still cause increased susceptibility to endotoxic shock in SRA Ϫ/Ϫ mice. These data provide a new understanding of how the role of SRA in endotoxin resistance is not dependent on its function in phagocytosis of bacteria. This report provides a new perspective on SRA function in the innate immune response and on how this multifunctional receptor modulates two distinct pathways during infection by gram-negative bacteria.
MATERIALS AND METHODS
Mice. C57BL/6 wild-type (WT) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). SRA Ϫ/Ϫ mice (C57BL/6 background) were a generous gift of T. Kodama (Tokyo University) and M. W. Freeman (Massachusetts General Hospital) (11, 17) . TLR4 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice were generated by Adachi et al. (1) . Other mice were generated and screened as previously described (2) .
Materials. LPS was purchased from Sigma Aldrich (St. Louis, MO). DuoSet enzyme-linked immunosorbent assay (ELISA) kits for mouse interleukin-6 (IL-6) and TNF-␣ were purchased from R&D Systems (Minneapolis, MN). F4/80 antibody was purchased from eBiosciences (San Diego, CA).
Cells. The bone marrow-derived dendritic cell (BMDC) culture protocol used is a modification of that of Inaba et al. (9) as previously described (2) . Escherichia coli DH5␣ bacteria were transfected with the pTrcHis plasmid (Invitrogen, Carlsbad, CA) to confer ampicillin resistance. E. coli K-12 (chloramphenicol-resistant) bacteria were a gift from Deb Hogan (Dartmouth), and Pseudomonas aeruginosa PA14 bacteria were a gift from George O'Toole (Dartmouth).
Cytokine assays. For in vitro studies, dendritic cells (DCs) were harvested and washed, and 5 ϫ 10 5 cells were added to each well of a 48-well tissue culture plate. A total of 100 ng/ml of LPS (Sigma Aldrich) or 5 ϫ 10 5 of the indicated bacteria were added to treated wells in 400 l total volume of Hanks balanced salt solution (HBSS). DCs and bacteria were coincubated for 6 h at 37°C. Supernatants were collected for cytokine analysis. For in vivo studies, mice were injected intraperitoneally (i.p.) with either 1 ϫ 10 9 CFU of the indicated E. coli strains or 5 ϫ 10 7 CFU of P. aeruginosa bacteria. After 3 h, mice were sacrificed. Blood serum samples were collected by cardiac puncture. Samples were centrifuged at maximum speed on a tabletop microcentrifuge to collect serum samples. Peritoneal cytokine samples were collected by lavage using 3 ml of HBSS. Samples were centrifuged and supernatants collected. Serum and supernatant samples were analyzed by ELISA.
Gentamicin protection assays. Phagocytosis of live E. coli or P. aeruginosa bacteria was performed as a modified version of previously described protocols (3, 5) . Overnight cultures of E. coli or P. aeruginosa were washed twice in 1 ml serum-free HBSS and centrifuged at 12,000 rpm. The bacterial pellets were resuspended in 10 ml HBSS, and the bacterial concentration was determined by spectrophotometric absorbance at 600 nM. A total of 2 ϫ 10 5 BMDCs from the various mouse genotypes described were incubated with bacteria at a multiplicity of infection of ϳ10 for 45 min at 37°C. BMDCs were washed twice in serum-free HBSS and incubated in 100 g/ml gentamicin for 20 min at 37°C. Cells were then washed and resuspended in 500 l 0.1% Triton X-100 in phosphate-buffered saline. Ten microliters of lysates was plated onto either LB agar plates containing ampicillin (DH5␣), LB agar plates containing chloramphenicol (K-12), or Pseudomonas isolation agar plates (PA14) and incubated overnight at 37°C. Subsequently, colonies were counted, and CFU were calculated based on the fraction of the total sample plated.
In vivo bacterial uptake assay. A total of 5 ϫ 10 6 live bacteria (of the strains indicated) were injected i.p. into the indicated genotypes of mice. Mice were sacrificed 1 h postinjection, and peritoneal lavage samples were collected. Peritoneal cells were pelleted, washed twice in serum-free HBSS, and resuspended in 750 l of HBSS. Five hundred microliters of each suspension was incubated in the presence of gentamicin for 20 min at 37°C to kill noninternalized bacteria. Cells were washed twice in serum-free HBSS and resuspended in 500 l 0.1% Triton X-100 in phosphate-buffered saline. Fifteen microliters of resuspended cells/bacteria was plated onto LB agar-ampicillin plates and incubated overnight at 37°C. Colonies were counted the following morning, and CFU were calculated based on the fraction of total sample plated.
Peritoneal cell analysis. For all in vivo phagocytosis studies, analyses of total cell numbers and peritoneal macrophage numbers were done in parallel. Total cell numbers harvested from peritoneal lavage samples were quantified using trypan blue staining and manual cell counts of viable cells using a hemacytometer. Macrophage numbers were assessed by fluorescence-activated cell sorter analysis of F4/80 staining of lavage samples. Total macrophage numbers were calculated based on the percentage of the total population that stained as F4/80 positive.
Lethal challenge experiments. Mice were lethally challenged by i.p. injection of either 400 g of LPS, 1 ϫ 10 9 live E. coli (DH5␣ or K-12), or 1 ϫ 10 6 live PA14 bacteria. In these experiments, the results of which are shown in Fig. 6 , mice were challenged with 2 ϫ 10 9 live DH5␣ E. coli bacteria. Mice were monitored periodically, and upon loss of sternal recumbency for more than 10 s, they were deemed terminal and euthanized.
Data and statistical analyses. Sample sizes for each experiment varied and are noted in the text. For all graphs, mean and standard deviation are shown. As indicated, one-way analysis of variance with Tukey's multiple comparison posthoc test, unpaired Student's t test, or Kaplan-Meier analysis was performed to assess the statistical significance of the data. In the figures, statistical significance is represented by an asterisk and indicates P Յ 0.05.
RESULTS

SRA
؉/؊ BMDCs produce elevated cytokines in vitro to DH5␣ bacteria. We have previously identified that double heterozygous SRA ϩ/Ϫ TLR4 ϩ/Ϫ BMDCs, but not the respective single heterozygotes, are significantly impaired for uptake of DH5␣ bacteria in vitro and in vivo (2) . Since SRA deficiency is reported to cause increased proinflammatory cytokine production to purified LPS in vitro and in vivo (4, 8) , we tested the cytokine responses in our single and double heterozygous BMDCs in response to live gram-negative bacteria. BMDCs were cocultured with DH5␣ bacteria for 6 h, and supernatants were analyzed for TNF-␣ and IL-6 production. Consistent with previous reports, SRA-deficient BMDCs produced increased levels of TNF-␣ and IL-6 in response to the bacteria (Fig. 1) . This cytokine increase was absent in SRA Ϫ/Ϫ TLR4 Ϫ/Ϫ cells, confirming that this phenotype is TLR4 dependent (Fig. 1) . (Fig. 1) , which parallels the observation that both genotypes are impaired for phagocytic uptake of DH5␣ bacteria (2) . Surprisingly, even though SRA ϩ/Ϫ BMDCs exhibit WT levels of bacterial phagocytosis (2, 3), we found that these cells produce increased levels of cytokines in response to bacteria, similar to the enhanced cytokine levels seen in SRA ϩ/Ϫ TLR4 ϩ/Ϫ and SRA Ϫ/Ϫ cells (Fig. 1) . This observation is the first inflammatory cytokine defect to be characterized for SRA ϩ/Ϫ cells and, importantly, is the first report of a functional dichotomy between SRAmediated phagocytosis of bacteria and inflammatory cytokine responses.
Bacteria independent for SRA-mediated phagocytosis elicit elevated cytokines in an SRA-dependent manner. The dependence upon SRA for bacterial phagocytosis varies widely among bacterial species and strains (14) . We exploited this phenomenon by utilizing gram-negative bacterial strains with various SRA phagocytic dependencies to test whether this dictates their ability to elicit cytokines in WT and SRAdeficient BMDCs. We observed the expected deficiency (3) for uptake of DH5␣ E. coli by SRA Ϫ/Ϫ cells ( Fig. 2A) . However, phagocytosis of both the K-12 E. coli strain and the PA14 P. aeruginosa strain was independent of SRA ( Fig.  1A) . While a minimal role for SRA in phagocytosis of K-12 E. coli has previously been reported (14) , this is the first assessment of the contribution of SRA for any P. aeruginosa strain. WT, SRA ϩ/Ϫ , and SRA Ϫ/Ϫ BMDCs were stimulated for 6 hours with the different bacterial strains or LPS and then analyzed for TNF-␣ (Fig. 2B ) and IL-6 (Fig. 2C) production. Despite the varied dependence of the different bacterial strains for SRA-mediated phagocytosis, all strains stimulated increased cytokine production in SRA ϩ/Ϫ and SRA Ϫ/Ϫ BMDCs, which concurred with the effect of LPS stimulation ( Fig. 2B and C ). These data demonstrate that enhanced cytokine responses in the absence of SRA are independent of SRA phagocytic function.
Differential SRA-dependent phagocytosis in vivo. In order to test the in vivo relevance of our findings, we assessed phagocytic uptake of the different bacteria by peritoneal cells in mice. One hour following injection of live bacteria, peritoneal cells were harvested and treated in a gentamicin protection assay to assess relative bacterial uptake levels. SRA ϩ/Ϫ mice exhibited no deficit for the in vivo uptake of DH5␣ E. coli, while SRA Ϫ/Ϫ mice displayed a significant defect in this regard (Fig. 3A) (2) . In corroboration with our in vitro results, SRA Ϫ/Ϫ animals showed no impairment for the in vivo uptake of either K-12 (Fig. 3B) or PA14 (Fig.  3C) . This is the first demonstration of the relative SRA dependence in vivo for the phagocytosis of different gramnegative bacterial strains and allowed us to subsequently test the relationship between phagocytosis and cytokine elicitation in vivo. To confirm that the different experimental conditions resulted in similar numbers of peritoneal phagocytes, the total cells harvested for each genotype and condition were quantified; no significant differences among the groups were observed (Fig. 3D, left panel) . Additionally, the peritoneal cell isolates were stained for F4/80 to assess the quantity of macrophages present in each sample. No significant differences for macrophage numbers were observed among the experimental groups (Fig. 3D, right  panel) . SRA ؊/؊ mice produce increased TNF-␣ in vivo to both SRAdependent and -independent bacteria. In order to assess the in vivo relationship between SRA-dependent bacterial phagocytosis and cytokine production, we tested in vivo cytokine pro- on October 14, 2017 by guest http://iai.asm.org/ duction in response to both SRA-dependent and SRA-independent bacteria. WT or SRA Ϫ/Ϫ mice were injected i.p. with the indicated bacteria, and serum and peritoneal lavage samples were collected and analyzed for TNF-␣ production (Fig.  4) . SRA Ϫ/Ϫ mice showed significant elevation in both serum and peritoneal TNF-␣ levels compared to WT mice in response to DH5␣ (Fig. 4A), K-12 (Fig. 4B) , and PA14 (Fig. 4C) bacteria. Thus, in response to in vivo gram-negative bacterial infection, increased cytokine production by SRA-deficient animals is independent of SRA-mediated phagocytic clearance of bacteria.
SRA-independent bacteria elicit increased susceptibility to endotoxic shock in SRA-deficient mice. To examine whether the increased susceptibility to endotoxic shock in SRA Ϫ/Ϫ mice is dependent upon the loss of SRA-mediated phagocytosis of bacteria, we challenged WT and SRA Ϫ/Ϫ mice with the various bacterial strains. As a positive control, SRA-deficient mice challenged i.p. with LPS showed the expected increase in lethality (Fig. 5A) . Lethal challenge studies with DH5␣ (Fig.  5B) , K-12 (Fig. 5C ), and PA14 (Fig. 5D ) bacteria showed that SRA Ϫ/Ϫ mice were more susceptible than WT mice to endotoxic shock for all the bacteria tested. These are the first reports of endotoxic shock studies of SRA Ϫ/Ϫ mice using either E. coli or P. aeruginosa bacterial challenge models. Importantly, these data formally demonstrate that SRA-mediated resistance to endotoxin in vivo is functionally independent from SRA-mediated phagocytosis of bacteria.
Lethal endotoxic shock in SRA-deficient mice is dependent on TLR4 and MyD88. To demonstrate that the gram-negative bacterial toxicity in SRA-deficient animals is mediated by increased proinflammatory signaling induced by LPS, we injected WT, SRA Ϫ/Ϫ TLR4 Ϫ/Ϫ double knockout, and MyD88 Ϫ/Ϫ knockout mice with a high-dose DH5␣ challenge. At a dose (1 ϫ 10 9 CFU) that was fully lethal for WT animals, SRA Ϫ/Ϫ TLR4 Ϫ/Ϫ and MyD88 Ϫ/Ϫ knockout mice were completely protected from the toxic effects of this challenge (Fig.  6) . These results provide formal in vivo evidence that lethality to gram-negative bacterial challenge is mediated by proinflammatory signaling of the TLR4/MyD88-dependent signaling axis. These data strongly support a model where, even in the context of infection by bacteria that are not recognized by SRA during phagocytic clearance, SRA still provides a critical role 
DISCUSSION
During infection by gram-negative bacteria, the immune response is challenged with the task of eliminating the bacteria as well as inflammatory bacterial products, like LPS, that are shed into the extracellular space (12) . When gram-negative bacterial infections remain unresolved in the infected host, these infections can result in lethal hyperinflammatory responses known as endotoxic shock (8) . Resistance to endotoxic shock is critically regulated by the ability of the infected organism to eliminate endotoxin and thereby limit the proinflammatory stimulation elicited by this molecule. Because SRA is uniquely involved in both phagocytic bacterial clearance and modulation of inflammation via endocytic scavenging of soluble LPS, it is a key molecule in controlling the inflammatory response to endotoxin and infection by gram-negative bacteria. However, the relationship between bacterial phagocytosis and LPS clearance by SRA has not previously been defined.
In this report, we used two alternative and complementary approaches to demonstrate a functional dichotomy between SRA-mediated phagocytosis of bacteria and the associated LPS-driven inflammatory response. First, we utilized a genetic approach to show that SRA ϩ/Ϫ cells exhibit increased cytokine responses to gram-negative bacteria in the absence of a phagocytic defect in these cells. These data are the first report of an inflammatory defect in cells heterozygous for SRA and underscore the importance of SRA-mediated endotoxin clearance in dampening the inflammatory response to gram-negative bacteria. Additionally, by using gram-negative bacteria that have no SRA dependence for their phagocytic uptake, we show that these bacteria still elicit hyperinflammation in vitro and in vivo and enhanced toxic shock in the context of SRA deficiency. This uncoupling of SRA-mediated phagocytic clearance of bacteria from SRAdependent regulation of inflammatory signaling demonstrates a highly important immune function for SRA even in the context of bacterial infection by microbes that can evade phagocytic recognition by this receptor.
SRA has been well characterized for its ability to bind and clear soluble LPS via recognition of the lipid A moiety of endotoxin (7) . Until recently, SRA-mediated recognition of LPS has been presumed to be a mechanism by which SRA recognizes and mediates phagocytic uptake of gram-negative bacteria. However, recently published work using Neisseria meningitidis has shown that SRA recognizes this particular gram-negative bacterium in an endotoxin-independent manner (13, 15) . In conjunction with these studies, our data challenge the notion that LPS recognition by SRA is critically involved in the phagocytic function of SRA for gram-negative bacteria. Our findings that SRA can regulate proinflammatory cytokine production irrespective of its role in bacterial phagocytosis are consistent with a model in which LPS and the bacterial phagocytic ligands may possibly bind to distinct sites of the SRA receptor. From a teleological perspective, this model provides an intriguing mechanistic interpretation of how endocytic and phagocytic functions of SRA can function simultaneously without compromising either phagocytic clearance of infecting bacteria or the regulation of the inflammatory response to infection.
Heretofore, increased susceptibility to endotoxic shock and infection in SRA Ϫ/Ϫ mice has been described only for gramnegative bacteria that are phagocytosed in an SRA-dependent manner (8, 10, 16, 18) . Under endotoxic shock conditions, SRA limits TLR4-driven proinflammatory cytokine responses by clearing LPS from the extracellular environment (8) . This phenomenon was previously thought to be intrinsically related to decreased phagocytic clearance of bacteria in the absence of SRA. We have utilized in vitro and in vivo models to demonstrate that SRA-mediated endocytosis of LPS is independent of phagocytic uptake of bacteria during gram-negative bacterial infection. These data provide a novel understanding of the role of SRA in limiting the inflammatory responses to endo- 
